The Tel gene is a major target of translocations in leukemia and loss of heterozygosity is regularly observed for the non-translocated allele, thus supporting the notion that Tel is a tumor suppressor. Most tumor suppressors in¯uence cellular proliferation, dierentiation and cell death and thereby prevent oncogenic transformation and genetic instability. We found that overexpression of Tel retards proliferation of many cell types, primary cells and immortalized cells, by inducing a G1 arrest. Tel's block of cellular proliferation is rescued by high seeding densities. Furthermore, Tel suppressed Ras-mediated colony growth in soft agar and tumor formation in nude mice. The Pointed and DNA binding (DB) domains of Tel were required for all Tel-induced phenotypes.
Introduction
Tel/ETV6 is a member of the ets family of transcription factors. It was discovered as part of a fusion protein, resulting from a t(5;12) in a case of myeloid leukemia (Golub et al., 1994) . It is now known to be a frequent target of chromosome translocations in leukemia: FISH analyses revealed involvement of Tel in over 30 dierent chromosomal rearrangements and over 10 dierent fusions have been cloned (Rowley, 1999) . Tel is also involved in translocations in solid tumors, as exempli®ed by the Tel-NTRK3 fusion protein, resulting from a t(12;15) (Knezevich et al., 1998a) . Three types of Tel translocations resulting in in-frame fusions can be discerned: (1) fusion of the Nterminal half of Tel containing the Pointed (PNT) domain to tyrosine kinase moieties of PDGFR, ABL, JAK2, NTRK3 and ARG Eguchi et al., 1999; Golub et al., 1994 Golub et al., , 1996a Iijima et al., 2000; Knezevich et al., 1998b; Lacronique et al., 1997; Papadopoulos et al., 1995; Peeters et al., 1997a) ; (2) fusion of N-or C-terminal parts of Tel to parts of the transcription factors MN1, AML1, MDS1/EVI-1, BTL, CDX2 Chase et al., 1999; Cools et al., 1999; Golub et al., 1995; Peeters et al., 1997b; Romana et al., 1995) ; and (3) fusions in which Tel is not fused to tyrosine kinases or transcription factors, such as Tel/ACS2 and Tel/STL Yagasaki et al., 1999) . In the latter two cases, open reading frames are very short. Circumstantial evidence points to a role of Tel as a putative tumor suppressor in one or more cell types. The most compelling data derive from patients suering from preB-ALL that is characterized by a t(12;21). One Tel allele fuses to the AML1 transcription factor whereas the second allele often undergoes deletion (Romana et al., 1995; Shurtle et al., 1995; Stegmaier et al., 1995; Takeuchi et al., 1997) .
Loss of heterozygosity (LOH) for Tel was also reported in other Tel translocations such as the Tel-ABL, Tel-NTRK3, Tel-JAK2/Tel-MDS1/EVI1, Tel-STL and Tel-ACS2 (Eguchi et al., 1999; Golub et al., 1996b; Knezevich et al., 1998a, b; Peeters et al., 1997b; Suto et al., 1997; Yagasaki et al., 1999) . Furthermore the 12p13 locus that contains the genes for Tel and p27 KIP1 is often deleted in leukemia (Hoglund et al., 1996; Sato et al., 1995; Wlodarska et al., 1996) . But the Tel and p27
KIP1 genes are not targeted in all cases, leaving the possibility that yet other critical tumor suppressor genes may be located in that region (Baens et al., 1999; La Starza et al., 1999; Sato et al., 1997; Stegmaier et al., 1996) .
No clear physiological role has been de®ned for Tel, although gene ablation and biochemical experiments have provided the ®rst clues. The study of mice lacking Tel revealed non-redundant roles for Tel in angiogenic development, maintenance of selected neuronal and mesenchymal populations and in homing of the hematopoietic system from the fetal liver to the bone marrow (Wang et al., 1997 (Wang et al., , 1998 . Tel is a phosphoprotein expressed in most cell types as two isoforms . These derive from initiation of translation at alternative start codons, Met1 and Met43. Tel contains three putative MAPK phosphorylation sites of which one (Ser22) is located between the ®rst two methionines. Ser22 is the only MAPK site that is conserved between Tel and Tel2, the closest Telhomolog (Potter et al., 2000) and thus is possibly involved in regulating the activity of Tel and/or Tel2. Several proteins have been shown to interact with Tel: Tel, Tel2, Fli-1 and UBC9 interact through the PNT domain Jousset et al., 1997; Kwiatkowski et al., 1998; Potter et al., 2000) . Furthermore Tel is a transcriptional repressor, seemingly by the recruitment of the co-repressors mSin3A, SMRT and N-CoR Fenrick et al., 1999; Lopez et al., 1999) . Lopez et al. (1999) delineated two autonomous repression domains in the central region of Tel and showed that the PNT domain is essential for the repression activity.
the Tel-AML1 translocation in childhood preB ALL (Romana et al., 1995; Shurtle et al., 1995; Stegmaier et al., 1995; Takeuchi et al., 1997) but was also observed in a number of other cases (Eguchi et al., 1999; Golub et al., 1996b; Knezevich et al., 1998a Knezevich et al., , 1998b Peeters et al., 1997b; Suto et al., 1997; Yagasaki et al., 1999) . Because a classical tumor suppressor is often involved in inhibiting cell cycle progression and induction of cell death, we tested whether Tel exhibited any of these activities. We observed that overexpression of retrovirally transduced Tel retarded growth of most cell lines in vitro, especially when seeded at low densities. These included immortal endothelial, astrocyte and ®broblast cell lines as well as primary wildtype (WT) Mouse Embryo Fibroblasts (MEF) or MEF with inactivated p53, p19 ARF , p21
KIP1 genes (data not shown). We quantitated this observation by constructing growth curves and cell cycle pro®les of cells infected with retroviruses encoding Tel and Tel mutants that were expressed at similar levels (Figure 1a, b) . Growth curves of WT MEF, infected with Tel and Tel-mutants are shown in Figure 1c . Deletion of the PNT domain or inactivation of DNA binding abolished the growth inhibitory eect of Tel. Interestingly, we consistently observed that Telp50 was a stronger growth inhibitor than WT-Tel, encoding both isoforms, or any of the tested Telmutants. This was not due to a higher expression of Tel-p50 (Figure 1b, lane 3) because it was expressed at a level similar to that of the p50-isoform encoded by WT-Tel ( Figure 1b, lane 2) . Tel-DBDM (R/K) clearly was least overexpressed (Figure 1b, lane 8) . Tel-p60 was expressed at a lower level than WT-Tel or Telp60SA, which could explain the small but consistent dierence in growth rate compared to WT-Tel and Telp60SA. We also observed that the extent of growth inhibition by Tel depended on the density at which cells were seeded. The lower the plating density, the stronger the growth inhibitory eect (Figure 1d ). Also Tel-transduced NIH3T3-UCLA cells failed to grow when seeded at very low densities, e.g. 1500 cells/cm 2 . The growth inhibition by Tel was overcome when cells were seeded at high density (18 000 cells/cm 2 ; Figure  1d ). This eect could be due to cell ± cell signaling or to cell-ECM signaling. When cells were plated on ®bronectin or on collagen coated plates at dierent cell densities, no rescue of the Tel-induced block of proliferation was observed (data not shown), suggesting that the rescue occurred by cell ± cell signaling.
We further assessed whether Tel arrested cells at a speci®c phase of the cell cycle. WT-MEF were infected with retroviruses encoding Tel or Tel-mutants and cellular DNA content was determined 2 to 3 days post infection (dpi). Analysis of cell cycle pro®les of Telversus control-transduced cells showed that Tel induced a G1 arrest (Figure 2a ). This was not seen with A key characteristic of a tumor suppressor is its ability to inhibit transformation. Members of the ets family of transcription factors have been shown to function downstream of Ras signaling pathways, and oncogenic forms of Ras are observed in a variety of tumor types. We therefore studied whether Tel can suppress Ras mediated transformation in vitro and in vivo. Ha-Ras/Lys12 transformed NIH3T3 cells were infected with Tel or a control retrovirus and were assayed for colony formation in soft agar. While Ras expression induced the formation of 225 colonies/cm 2 varying in size from 50 ± 250 mm (Figure 3 , V-panel), superinfection with WT-Tel-encoding retrovirus abolished colony formation to a large extent (10 colonies/cm 2 450 mm). A Tel mutant lacking the ®rst MAPK site (Tel-p60S22A) had a similar eect as WT-Tel while the Tel-p60 isoform was a slightly less potent suppressor. Tel-p50 on the other hand, completely abolished colony formation. In contrast, the PNT domain (Tel-PNT), or the DB domain mutant (Tel-R/K) did not inhibit Ras-mediated colony formation.
Recent data showed that Tel can act as a transcriptional repressor Fenrick et al., 1999; Lopez et al., 1999) . We therefore determined whether Tel suppressed Ras-expression driven by the retroviral LTR and hence Ras-induced colony formation. We compared expression levels of Ha-Ras/Lys12 in ®broblasts superinfected with vector-GFP or Tel-GFP and Ha-Ras/Lys12 by Western blotting. The same membrane was also probed with anti-Tel and anti-actin Abs (Figure 3b ). Expression levels for Ras and actin were found to be similar for the two samples, whereas the Tel-p50 isoform was abundantly expressed. Thus, Tel did not in¯uence the LTR-driven expression of Ha-Ras/Lys12. Our results identi®ed Tel as a negative regulator of proliferation and transformation in vitro. While the suppression of colony formation by Tel was at least 20-fold, it might simply re¯ect the growth inhibitory eect of Tel on cells plated at low density. To show that Tel inhibited transformation under conditions that allow ample cell ± cell contact, we used an in vivo nude mouse tumorigenesis assay. This test provides a more physiological experimental setting than colony formation in soft agar. NIH3T3 cells were infected with an VSV-G pseudotyped Ras-encoding retrovirus and superinfected with ecotropic retroviruses encoding the short isoform of Tel (Tel-p50-IRES-GFP) or GFP alone (V-IRES-GFP). We chose to use the Tel-p50 isoform since it exhibited the strongest suppression of cell growth and transformation in vitro. Cells were injected under the skin at a high concentration. Under these conditions the cells will retain cell ± cell contact as well as interaction with ECM, which should abolish the growth suppression by Tel. Ten days after subcutaneous injection of Ras+vector infected NIH3T3 cells, tumors had grown to a size of 0.5 cm 3 and the mice were sacri®ced (Table 1) . In contrast, mice injected with Ras+p50 infected NIH3T3 cells showed a much retarded growth of the tumors that reached a size of 0.5 cm 3 after 22 days (Table 1) . Injection of NIH3T3 cells that were infected with Tel-p50 encoding or a control retrovirus alone did not result in tumor formation (Table 1) . Thus, exogenous expression of the Tel-p50 isoform signi®-cantly retarded Ras-induced tumor growth of NIH3T3 cells in nude mice.
Discussion
In this study we obtained data that demonstrate a tumor suppressor role of Tel in mouse ®broblasts: (1) Tel slowed cell growth by inducing a G1 arrest; (2) Tel blocked Ras-induced anchorage independent growth in soft agar; and (3) Tel retarded tumor formation in nude mice. Our data thus support the observation that LOH of Tel in a number of leukemias and ®brosarcomas might contribute to tumorigenesis.
Tel severely inhibited cell growth at low seeding densities, which might explain the failure of single cells to form colonies in soft agar, but it is unlikely that this kind of inhibition was also responsible for the suppression of Ras-mediated tumorigenicity by Tel in nude mice. In these experiments cells were injected at high concentrations under the skin, thereby allowing cell ± cell contact and interaction with extra cellular matrix (ECM) components. Although this condition is likely to relieve the Tel-mediated inhibition of cell proliferation, it was insucient to allow these cells to form tumors in nude mice at the rate of Ras-only transduced cells. Thus, despite the competence of the cells to grow, Tel imposed additional changes that reduced tumor formation.
What could be the underlying mechanisms by which Tel mediates its tumor suppressor function? We believe that this is achieved by control of direct or indirect transcriptional downstream targets, because the combined presence of the PNT and the DNA binding domain are essential for the inhibitory function of Tel. Previously we reported that forced Tel expression increased the amount of several ECM components, including ®bronectin (Van Rompaey et al., 1999) . Fibronectin and collagen2 have been shown to inhibit Ras-mediated transformation (Du et al., 1999; Shumaker et al., 1994) . Alternatively, Tel may block Rasmediated transformation by repression of transcription of genes that are needed for transformation, via its associated histone deacetylase activity (Chakrabarti and Nucifora, 1999; Fenrick et al., 1999; Lopez et , 1999) . Recently inhibition of Her2/neu-mediated tumorigenesis (Xing et al., 2000) by PEA3, another member of the ets family of transcription factors, was shown to function in this way. PEA3 actively represses the activity of the Her2/neu promoter. Because Tel did not repress expression of Ha-Ras driven by the retroviral LTR (Figure 2b) , it follows that Tel might aect expression of downstream targets of the Ras signal transduction pathway.
Tel and PEA3 are not the only ets factors that block oncogenic transformation. Wild-type Ets2 and ERF and the DB domain containing moieties of Ets1, Ets2, and PU.1 also blocked Ras-mediated transformation (Foos et al., 1998; Galang et al., 1996; Langer et al., 1992; Sgouras et al., 1995; Wasylyk et al., 1994) . In addition, the N-terminal halves of both Ets1 and Ets2, harboring the PNT domain and the C-terminal halves containing the DB domain blocked Her2/neu/ErbB-2 mediated transformation of mouse ®broblasts (Galang et al., 1996) . These experiments suggest that separate competition for DNA binding sites and interacting proteins can suppress the function of these ets factors. By contrast our experiments show that a combination of DNA binding and protein interaction is necessary for Tel function. One explanation might be that Tel uses its PNT domain to recruit proteins dierent from those recruited by Ets1, Ets2 and PU.1. For example Tel does not bind Ets1 and Ets2 while it does interact with other ets family members such as Fli1 and Tel2 (Kwiatkowski et al., 1998; Potter et al., 2000) . Furthermore, while all ets factors share the property of binding to a conserved GGAA/T core, the speci®city of binding to DNA is probably dictated by the context of the DNA sequence, the protein sequence of the Ets domain and its surrounding sequences (Graves and Petersen, 1998) and interaction with other transcription factors.
The Tel-p50 isoform suppressed proliferation and colony formation the strongest of all Tel-variants tested. Tel-p50 lacks the ®rst 43 amino acids encoded by the full-length Tel cDNA and the only MAPK site (Ser22 for Tel) conserved between Tel and Tel2. Point mutation of Ser22 did not signi®cantly aect proliferation or suppression of colony formation in our experiments but this does not necessarily rule out a role of Ser22-phosphorylation for Tel function. Interestingly, the complete block of cell growth invoked by Tel at low seeding densities was followed by cell death and again, the Tel-p50 isoform was the most potent inducer of cell death (L Van Rompaey and G Grosveld, unpublished observations). The Tel-induced cell death was characterized by an increased expression of annexinV on the cell membrane, pointing to an apoptotic process. However, we detected no DNA fragmentation by TUNEL staining, arguing for a necrotic cell death or a non-classical apoptotic pathway (L Van Rompaey and G Grosveld, unpublished observations).
While we only described eects of Tel on the proliferation of ®broblasts in this study, Tel imposed a similar block on the growth of hematopoietic U937 cells, when expressed under the control of the inducible tetracycline system (M Potter, L Van Rompaey, J Bonten and G Grosveld, unpublished results). A similar eect of Tel was also observed in the hematopoietic cell line K562 (Kwiatkowski et al., 1999) . These authors showed that overexpression of Tel downregulated cyclin D3 expression in K562 cells. We did not observe this eect by using Western blotting or RNAse protection analysis (RPA) in NIH3T3-UCLA cells or MEF expressing exogenous Tel. Apart from verifying cyclin D3 expression, we also studied expression levels of several cell cycle components by Western blotting (Rb, p107, p130, p21 CIP1 , p27 KIP1 , p57, cyclin D1, cyclinD3, c-myc, p53, mdm2, cdk4, cdk6, p16, p19INK4b; C Eischen, L Van Rompaey, G Grosveld and J Cleveland, unpublished observations) and RPA (cyclin and myc family mRNAs: RPA kits from Pharmingen; L Van Rompaey and G Grosveld, unpublished observations). However, we could not reveal any consistent dierence in protein or RNA levels between Tel-expressing and control mouse ®broblasts.
It is interesting that the Tel-mediated block of proliferation was rescued by high seeding densities but not by growing cells on ®bronectin or collagen coatings (L Van Rompaey and G Grosveld, unpublished observations) . This indicates that inhibition of growth was suppressed by signaling from the cell membrane, probably initiating from cell ± cell adhesion.
Activation of the Ras/Raf/MAPK pathway in most cell types induces cell growth and proliferation, mainly as a result of cytokine-receptor activation. Ets factors are evolutionarily conserved targets of this pathway and can block or transduce the signal (Wasylyk et al., 1998) . One could envisage the ubiquitously expressed Tel protein as a negative regulator of this pathway and this could provide an explanation for its frequent inactivation by leukemic translocations in tumorigenesis. Interestingly, half of the reported cases of Teltranslocations involve tyrosine kinases that transduce growth signals. The resulting fusion proteins such as Tel-PDGF-R, Tel-ABL, Tel-JAK2 and Tel-NTRK3 are tyrosine kinases that become constitutively active through oligomerization via the Tel-PNT domain (Carroll et al., 1996; Golub et al., 1996b; Lacronique et al., 1997; Wai et al., 2000) . Since these proteins are involved in mitogenic signaling, they might exert a dominant positive function over the inhibitory activity of Tel on cell cycle progression. Wild-type ets factors such as Tel, Tel2 and Fli1, that interact with Tel through their PNT domains could potentially inhibit PNT-domain mediated oligomerization of Tel-tyrosine kinase fusion proteins and therefore suppress their tyrosine kinase activity. However this eect has not been observed in mouse models for Tel-PDGF-R, Tel-JAK2, and Tel-TRKC that develop lympho-and/or myeloproliferative disorders, mostly with fatal outcome (Liu et al., 2000; Ritchie et al., 1999; Schwaller et al., 1998; Tomasson et al., 1999 Tomasson et al., , 2000 . It should be kept in mind that in these models the fusion proteins are expressed from strong constitutive promoters and not from the endogenous Tel promoter. The fusion proteins might thus be in molar excess over endogenous Tel and other PNT domain containing factors and therefore overcome their suppressive action.
Our data show that overexpression of Tel retards cellular proliferation and inhibits Ras-mediated transformation. Although we acknowledge that the levels of Tel exceed those of the endogenous protein, the inhibitory eect described here provides a rationale for the loss of Tel in leukemias and some solid tumors.
Similarly, our results were generated using overexpression of Tel, but this approach does not prove that deletion of Tel would promote cell growth. In conclusion, Tel might ful®ll an important negative eect on cytokine mediated growth signaling and therefore confer a selective growth advantage to cells that inactivated its function.
Materials and methods

Cell lines and retroviral constructs
Mouse embryo ®broblasts (MEF) were isolated from 14.5-day-old embryos as described (Zindy et al., 1997) . NIH3T3-UCLA cells were obtained from O Witte (May et al., 1993; Muller et al., 1991) . All cell lines were cultured in DMEM supplemented with 10% FCS, penicillin/streptomycin and glutamate.
Ha-Ras/Lys12-Tk-CD8 was a gift from Dr M Roussel. Various Tel cDNAs were subcloned from pSRa-Tk-CD8 constructs (Van Rompaey et al., 1999) into the pSR-IRES-GFP vector. Ecotropic retroviruses were generated as previously described (Van Rompaey et al., 1999) and VSV-G pseudotyped retroviruses were obtained by transfecting 293T cells with pEQ-PAM3-E, pSRa-VSV-G (gifts from Dr E Vanin) and pSRa-cDNA plasmids using Fugene6 (Roche).
Cell cycle analysis and growth curves
For constructing growth curves, retrovirally infected NIH3T3-UCLA cells or MEF were seeded 3 dpi in 24 well plates at the indicated densities. There was no need to FACS sort NIH3T3-UCLA cells as almost 100% of cells were infected in a typical experiment. Primary MEF were FACS sorted for GFP-expression (for pSRa-IRES-GFP constructs) or membrane-bound CD8 expression (for pSRa-Tk-CD8 constructs). Subsequently, cell proliferation was determined daily using the Cell Titer 96 TM non-radioactive cell proliferation assay (Promega). Triplicate measurements were performed and growth curves were constructed using Excell software (Microsoft).
Cell cycle analysis was performed with retrovirally infected MEF. Two to 3 dpi, cells were FACS-sorted and immediately lysed in a Triton X-100 (0.1%)/propidum iodide (0.25 mg/ml) mixture. DNA content of nuclei was then determined by FACS analysis. Data were analysed using Mod®t software version 5.2 (Verity Software House Inc.).
Microscopy
Phase contrast and¯uorescent images were digitally recorded using a SPOT camera (Diagnostic Instruments) attached to an Olympus B650¯uorescence microscope. Colonies in soft agar were photographed at a 56 magni®cation using white light and¯uorescence microscopy on a SZ612 microscope (Olympus) using a Hamamatsu color chilled 3CCD camera (C5810).
Western blotting and immunofluorescence
Western blotting with the anti C-terminal Tel antibody was performed as described by Van Rompaey et al. (1999) . Monoclonal antibodies directed against H-Ras and actin were obtained from Santa Cruz (sc-35 and sc-8432 respectively).
Transformation assays
NIH3T3 cells were infected with Ha-Ras/Lys 12-encoding pseudotyped retrovirus in the presence of polybrene (8 mg/ ml). Three dpi, Ras-expressing cells were selected using FACS or magnetic CD8 antibody beads (Dynal). Cells were then infected with ecotropic retroviruses and 3 days later seeded in 0.3% soft agar prepared in Iscove's medium containing 15% FCS, penicillin/streptomycin and glutamate (20 000 cells/ 3 cm dishes).
Nude mice (C57BI6 nu/nu ; Jackson laboratories) were subcutaneously injected with 3610 6 cells in 150 ml PBS. Mice were kept in isolator cages on sulfatrim-containing water and were monitored three to four times a week for tumor growth. When tumors reached a mass of approximately 0.5 cm 3 , mice were sacri®ced.
